Millions of people are affected by visual impairment and blindness globally, and the prevalence of vision loss is likely to increase as we are living longer. However, many ocular diseases remain poorly controlled due to lack of proper understanding of the pathogenesis and the corresponding lack of effective therapies. Consequently, there is a major need for animal models that closely mirror the human eye pathology and at the same time allow higher-throughput drug screening approaches. In this context, zebrafish as an animal model organism not only address these needs but can in many respects reflect the human situation better than the current rodent models. Over the past decade, zebrafish have become an established model to study a variety of human diseases and are more recently becoming a valuable tool for the study of human ophthalmological disorders. Many human ocular diseases such as cataract, glaucoma, diabetic retinopathy, and age-related macular degeneration have already been modelled in zebrafish. In addition, zebrafish have become an attractive model for pre-clinical drug toxicity testing and are now increasingly used by scientists worldwide for the discovery of novel treatment approaches. This review presents the advantages and uses of zebrafish for ophthalmological research.
Overview
Visual impairment is a major health problem affecting millions of people globally. 1 Major causes of visual impairment and blindness include uncorrected refractive index, cataract, glaucoma, age-related macular degeneration (AMD), and diabetic retinopathy (DR), with cataracts being the leading cause of blindness globally. 1 The worldwide economic burden of vision loss is estimated to be about US $3 trillion in 2010 and is anticipated to increase significantly by 2020. 2 Therefore, strategies to develop animal models that closely mirror human ocular diseases are necessary for a better understanding of the underlying causes and in parallel for the development of novel therapeutic approaches. Over the past decade, zebrafish have become an established model to study a variety of human diseases and are more recently becoming a valuable tool for the study of human ophthalmological disorders. [3] [4] [5] [6] Due to many advantages inherent to this model organism, zebrafish are also highly suitable for screening approaches to identify novel therapeutics in the field of ophthalmological medicine.
Zebrafish as an animal model
Over the past 20 years zebrafish (Danio rerio) have been increasingly used as a vertebrate model for developmental and genetic studies. 7 There are many reasons for their popularity. Zebrafish are easy to maintain and breed in large numbers at relatively low cost. They become sexually mature after 3-4 months and each pair can generate 200-300 offspring on a weekly basis. The eggs fertilize and develop into transparent embryos outside the mother, which allows real-time observation of organogenesis occurring inside the embryo. The embryos are small enough (o1 mm in diameter) to be easily distributed and maintained in 96-well plates, which facilitates drug-screening approaches using only small quantities of drug solution. In addition, embryos are permeable to many small molecules allowing easy administration of drugs. 8 Embryonic development in zebrafish is rapid and takes only few days with the majority of organs such as brain, heart, liver, intestine, and eye developing within 24 h and becoming functional within a week. The free-swimming larvae hatch from around 72 h post fertilization (hpf) and soon start foraging for food. All of these attributes explain the steady increase in the use of zebrafish in pharmaceutical research. The large number of embryos produced per clutch makes zebrafish a prominent model for higher-throughput screening of small molecules, 9 which is mandatory for preclinical drug development and toxicity assessment. 10 So far, zebrafish have been used to model a wide variety of human diseases, including hereditary muscle diseases, 11 neurological disorders, 12 tuberculosis, 13 cancer, 14 cardiovascular diseases, 15 and haematopoietic and infectious diseases. 16 In addition, zebrafish are a valuable vertebrate model for studying vision-related disorders. 17 However, there are few differences between the visual system of zebrafish and humans, which need to be taken into account.
The visual system of zebrafish

Eye structure
The visual system of zebrafish is fundamentally similar to human subjects but exhibits some notable structural differences ( Figure 1 , Table 1 ). [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] The lens in zebrafish eyes is spheroid and not ellipsoid as compared with the human eye, and as a consequence, the zebrafish eye has a much lower volume of vitreous compared with the human eye ( Figure 1a ).
The zebrafish retina. As zebrafish use vision to protect themselves against predators and depend on light to search their food, their visual system develops rapidly. 23 The retinal structure starts to develop from 32 hpf and continues to develop extraordinarily fast within 5 days post fertilization (dpf). 17 By then, the zebrafish retina becomes functional. Unlike the mammalian eye, that contains a specialized area within the retina that is responsible for high acuity vision, 19 this so called macula is notably absent in zebrafish (Figure 1a) . Comparable to the human eye, the retinal structure of zebrafish is comprised of five distinct layers ( Figure 1b) ; three nuclear layers-the outer nuclear layer (ONL), the inner nuclear layer (INL), and the ganglion cell layer (GCL); and two plexiform layers (PL)-the inner (IPL) and the outer plexiform layer (OPL). 19 The ONL consists of the cell bodies of photoreceptors (rods and cones), whereas the cell bodies of horizontal cells, bipolar cells and amacrine cells reside within the INL. 19 The GCL contains Schematic representation of the differences of the retinal layers between human and zebrafish retina. Information on human retinal thickness taken from Yousef and Finger, 25 and for zebrafish derived from http://zfatlas.psu.edu/view.php?atlas=18&s=207; zebrafish atlas, 12 months post-fertilized male transverse section. All quantifications are approximates only and may differ between individuals and areas within the retina. RNFL, retinal nerve fibre layer. the cell bodies of ganglion cells while their axons are located in the retinal nerve fibre layer before becoming bundled into the optic nerve to carry the visual information from the eye to the brain. Synapsis between different neurons takes place at PLs. 19 The synapsis between photoreceptors and bipolar cells (and horizontal cells) occurs in the OPL, and the synapsis between bipolar and ganglion cells (and amacrine cells) occurs in the IPL. 19 Horizontal and amacrine cells initiate sidewise interaction in the OPL and IPL, respectively. 28 Horizontal cells are responsible for enhancing contrast while amacrine cells, in addition to detecting change in illumination, also process movement and direction of light on the retina. 28 In contrast to human ganglion cells where the retinal part of the axon is unmyelinated and the axon in the optic nerve is myelinated, in zebrafish the whole axon is myelinated to different extents. 26, 27 The photoreceptor outer segment (POS) of zebrafish consists of rods and cones, comparable to the human retina. Anatomically cones are arranged in a mosaic pattern that can be categorized into four types: short single cones (SSCs)-ultraviolet (UV)-sensitive cones, long single cones (LSCs)-blue-sensitive cones, and double cones (DCs) consisting of short (green sensitive) and long (red sensitive) cones. 21, 29 They are also classified based on the peak sensitivities of the photopigment present in each cone as follows: UV (360-361 nm), short (S, 407-417 nm), medium (M, 473-480 nm), and long (L, 556-564 nm) cones. 21 Based on the four cone types in zebrafish, their vision is tetrachromatic. In contrast, the human eye lacks the UV-sensitive cones and therefore has only trichromatic vision. 23 Unlike cones that have four types of opsins as their photopigment, the rods consist of only a single type and contain rhodopsin as their photopigment. 23 During the development of the zebrafish retina, the SSCs become distinct at 5-6 dpf while LSCs appear at 7-8 dpf and the DCs at 10-12 dpf. However, all of the visual pigments are expressed between 50 and 55 hpf, so the various cone types are presumably there at 50-55 hpf but not recognizable. The first rod cells appear at 5-6 dpf. 17, 30 Although small rod responses can be detected at this stage, full rod responses are not evident until 15-21 dpf. 17, 31, 32 Therefore, until 15 dpf zebrafish only have functional cones that are responsible for colour vision.
Visual processing
Light signals entering the eye are first refracted from the cornea to the lens and then projected onto the retina. The signal is then collected by the photopigment of the photoreceptor layer where the rod and cone cells convert the light signals into electrical signals 33 that are transmitted via the horizontal, amacrine, and bipolar cells to the RGCs. 28 RGCs give rise to the nerve fiber layer, which is responsible for carrying the signals from the eye, via the optic nerve to the optical centres in the brain.
Eye development
The initial development of the eye structures in zebrafish generally resembles those of other vertebrates 34, 35 ( Figure 2 ). Eye morphogenesis begins with the evagination of the optic vesicle from the forebrain at 11 hpf as a flat structure, which then extends laterally, forming an optic lobe. 34, 36 The anterior portion of the optic lobe remains attached to the forebrain through the optic stalk. 36 The optic vesicle finally gives rise to the neural retina and pigmented epithelium at 15 hpf. 20 Highly populated Less densely populated Presence of fovea 24 Yes No Vision 23 Cone dominant and trichromatic vision (lacks UV-sensitive colour vision
Cone dominant and tetrachromatic vision (contains UV-sensitive short single cones) Retinotectal projection 24 Half of the optic fibres from each eye project on to the same side of the brain and other half crosses over at the optic chiasm and projects to the other side of the brain 37 and soon after that their axons reach the optic tectum. 19 The amacrine and horizontal cells within the INL first appear at 50 hpf, and by 55 hpf rod and cone outer segment in the ONL are developed. 35 Rods cells and Muller glial cells are the last to differentiate. 38 The presynaptic photoreceptor ribbon ( Figure 3 ) develops at about 65 hpf. 35 Visual information is processed once the ribbon synapses of the bipolar cells reach maturity at 74 hpf, 35 which are responsible for passing the light-induced changes in photoreceptor cell membrane potential down the retinal circuit. 39 This means that the retinal structure becomes functional at around 74 hpf. 40 At the same time, the extra-ocular muscles become fully functional, which is a prerequisite for tracking of moving objects by eye movement. 41 Consequently, visually mediated response improves thereafter with adult-like performance after 96 hpf, where full tracking of eye movement (optokinetic response (OKR)) is evident.
Why zebrafish are a good animal model for ophthalmological studies
Unlike mouse models, zebrafish are relatively easy to maintain at a fraction of the cost. Zebrafish are prolific breeders and produce as many as 100-200 eggs on every mating, while a pair of mice reliably produces a maximum 6-8 offspring. This large number of eggs per clutch in zebrafish allows higher-throughput screening for the identification of mutants and potential drug candidates. 17 In many respects, the zebrafish's visual system mirrors the human situation better compared with other animal models. Contrary to mice that have rod-dominated vision, zebrafish have cone-dominant vision like humans, 7 which is a prerequisite to study human disorders associated with cone degeneration, such as AMD. 22 In addition, the eyes of zebrafish develop fast from only 12 hpf and display a functional visual system by 5 dpf. This is significantly faster compared with mice (around 15-20 days) 42, 43 and allows to study visual function already in 5-day-old larvae. Furthermore, the significant amount of genetic information available from zebrafish mutants associated with defective visual 
Measurement of visual behaviour
Behavioural responses have been utilized as an important tool for screening genetic defects of the visual system as well as to study the development of the visual system in zebrafish. Several well-described behavioural responses with unique advantages and limitations have been used so far (Table 2) .
OKR
The OKR is based on the eye movement reflex in response to a moving stimulus to help stabilize the image on the retina to maintain visual acuity and is evidence of a fully functional visual system in zebrafish. 44, 45 The OKR is tracking eye movements, which consist of smooth pursuits (slow phase) and fast resetting saccades in the opposite direction. 24 OKR begins at around 74 hpf when only 5% of the zebrafish larvae respond to the visual stimulus, which then increases steadily to 100% by 80 hpf. 34, 40 The OKR improves in terms of time spent in tracking the stimulus and velocity of tracking eye movement by 96 hpf. 3, 40, 41 For this method, zebrafish larvae are immobilized to restrain the body while maintaining the ability for eye movement and are then exposed to a visual stimulus that usually consists of alternate black and white stripes that move around the larvae. 4, 23, 24, 46 The larvae respond to this stimulus by moving their eyes in the direction of the moving stripes. 23 Experimental visual stimuli, such as spatial frequency, contrast, and angular velocity can be altered in this setting to gain a deeper understanding of a potential defect. 46 With some experimental adaptations, such as constant supply of oxygen-rich water while body movement is restrained, this method can be applied to adult fish as well. 47 This assay is rapid and responses of larvae or adult fish can be processed within only few minutes. 44 OKR was used to identify and characterize many zebrafish mutants that are associated with vision system defects (Table 3) , such as bumper mutant (defect in lens development), noir, dropje, lakritz mutants (defect in retinal structure), belladonna mutant (RGCs axon misrouting), and grumpy and sleepy mutants (optic nerve disorder). 4 Other examples with visual function defects are the brass mutant with a phenotype similar to glaucoma. 48 In addition, OKR was also useful in isolating a colour-blind mutant by changing the colour of visual stimulus. 49 In summary, the OKR appears to result in more a robust, reliable, and quantifiable behavioural data compared with other methods described below, especially after automated commercial systems have become available. 3, 49 Optomotor response (OMR)
The OMR tests the visual behaviour of zebrafish by their tendency to swim towards moving black and white stripes. 6 As numerous fish with possible visual function defects can be tested at once, this OMR assay enables higher-throughput analysis compared with the OKR. However, it has to be noted that compared with the OKR there is a significantly higher risk to miss mutants when using OMR. 6 The experimental setup to measure the OMR is similar to that of the OKR except that the embryos or adult fish are not constrained and are able to swim towards the perceived black-white stripes. 50 This type of behavioural response shown by zebrafish is one of the innate behaviours known as taxis where fish orient themselves in the direction of the stimulus. 51 This behaviour is important to maintain their orientation in water. 51 In the assay, the wild-type fish swim towards the perceived motion and gather at one end of a chamber while zebrafish with visual defects swim in random patterns. 50 OMR is suitable to test the visual acuity of both larvae and adult zebrafish and has been used to isolate at least 17 mutants from 411 previously identified loci in zebrafish that affect visual function so far. 4, 17, 40, 50 Furthermore, the development of visual behaviour in zebrafish under different light conditions (ON and OFF) 50 and the effects of ethanol Eye exposure on embryonic eye development 50, 52 have also been studied using OMR.
The startle response (SR)
The SR in zebrafish is based on a form of body movement within 2 s in response to a sudden exposure to a low intensity light (B60 mW/m 2 ) or an acoustic signal and is also useful to determine the development and maturation of the visual system in zebrafish. 40, 53 The SR is typically first seen at 68 hpf where 17% of the fish show SRs, which then steadily increase to 100% at 79 hpf at a time when the POS appear abundantly together with a functional retina and fully developed synaptic ribbon. 40 This assay has been successfully used to assess the visual development in zebrafish embryos as well as used to detect defects of visual development in response to exposure to toxins, such as methylmercury. 54 Recently, a modification of the SR, called visual motor response (VMR), was described, which can be performed on 4 dpf zebrafish larvae to screen for visual mutants. VMR was developed to confirm the result of OKR and examines whether visual mutants that fail to detect motion under OKR can still detect changes in light intensities. 55, 56 Phototactic behaviour (PTB)
The PTB is based on the tendency of zebrafish with normal vision to move towards an illuminated chamber. 3 The experimental setup for this assay consists of a rectangular acrylic box with two chambers inside separated by a sliding bar. There are two methods in which PTB can be assessed. 3 The first approach is based on two chambers, which are equally illuminated. The fish are allowed to distribute between both chambers, and the number of larvae in each chamber are counted after a set of time interval. Then the same procedure is repeated with only one chamber illuminated, while the other chamber is covered. In general, larvae between 7-14 dpf are suitable for the first method. For the second method, larvae aged between 7 and 19 days are kept in a darkened chamber for up to 2 min before the partition is removed, and the fish are free to enter the second illuminated chamber. The partition is replaced after few minutes, and the numbers of fish in both chambers are quantified. Typically, fish with normal vision will move towards the illuminated chamber, whereas fish with vision defects will not show a preference for the illuminated chamber. For this assay, it was noted that fish move towards the illuminated chamber in both methods, which is evidence of PTB in zebrafish. However, there appears to be no significant difference in the number of fish moving from one chamber to another in the light and dark condition approach, which has to be taken into account when interpreting the results. Because of this limitation, the PTB is less suitable for screening zebrafish for mutants with defective vision.
Escape response (ER)
Another method to assess vision in zebrafish is the ER, which is based on the natural tendency of zebrafish to evade an approaching predator. In a typical experimental setup, zebrafish are kept inside a white, circular rotating drum with a single black strip that mimics a threatening predator. 57 In this assay, zebrafish show a tendency to keep on opposite site of the black stripe. The response of zebrafish either to move towards the visual cues or to move away from it is determined by the size of the visual cue. 58 Zebrafish orient themselves towards a small moving visual stimulus as in the case of OMR. As the size of the visual stimulus increases, their behavioural response change into aversive turns, and they move away from it as in the case of ER. This is well explained as a transition from a prey capture-related orienting response to a predator-avoidance response. 58 This test is robust and has been used before in several studies to characterize mutants that affect vision, 57, 59 such as nba (night blindness a) and nbb (night blindness b), which are dominant mutants with adult retinal degeneration. 57 Using ER, the role of the circadian clock in modulating visual sensitivity has also been studied in zebrafish. 60, 61 When the threshold light intensity to initiate an ER was measured over a period of 24 h under light dark cycle, the threshold light intensity was at its highest before 'lights on' early in the morning and at its lowest before 'light off' in the late afternoon. Therefore, the authors concluded that zebrafish are more sensitive towards visual stimuli at dusk than at dawn. 60 
Limitations of visual behaviour-based assays
It has to be pointed out that the assessment of visual function in zebrafish by the assays described above is entirely based on their behavioural response to the visual stimulus. As a consequence, there is a potential that these assays could produce misleading results. In particular, it can be hypothesized that defects in tissues other than the eye that are nevertheless crucial for behaviour, such as neuronal circuits that affect muscle function, have the potential to produce misleading results. Genetic analysis of visual behaviour in zebrafish mutants (10 loci, 12 new alleles) did reveal defective visual behaviours (OMR, OKR), with no obvious morphological defect in retina and RGC projection. 6 This study has highlighted the potential involvement of brain functions beyond retinotectal projection, which is not unexpected given our Uses of zebrafish for ophthalmological research J Chhetri et al
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Eye knowledge of drugs that can alter behaviour. For example, it has been reported that acute alcohol exposure reduces the fear responses and zebrafish become unresponsive towards visual cues. 62 Nevertheless, some drugs can inhibit motility, thus ending up with false impression on visual behaviour assays that is examined by the fish movement such as OMR, therefore further assessment in such condition is necessary. 63 Finally, defects in all processes and systems that are involved from the processing of visual information to the actual observed change of visual behaviour, such as motor function, have to be seen as possible sites that could influence results. As such, processing of the visual signal in the visual cortex (in higher vertebrates) or optic tectum (in case of zebrafish) only serves as a prerequisite for induced behaviour, therefore dysfunction not only in the visual cortex but also other brain areas involved in decision-making could potentially lead to unresponsiveness to the visual stimulation. Thus, confirmation of behavioural assay results with additional methods, such as detection of pathology in the retina or optic nerve or the use of electroretinography 5, 57 will significantly increase the reliability of results.
Modelling human eye diseases in zebrafish
The strength of the zebrafish model lies in the ability to potentially screen thousands of compounds and drugs for their therapeutic potential in human diseases. Many human pathological conditions from Alzheimer's disease to metabolic syndrome have been successfully modelled in zebrafish. Over the past decade, zebrafish have also been used to model several human ocular diseases, such as cataract, glaucoma, DR, and AMD (Table 3) .
Cataracts
Globally, cataracts are the leading cause of blindness 1 caused by opacity of the lens. 64 Cataracts are most prevalent in the aged population but also occur as congenital cataracts in children with genetic predisposition in the first year of life. 64 Some studies have described zebrafish as a promising animal model to study dominant congenital cataracts. 65, 66 Under normal conditions, the protein crystalline (bg, gC types) assures lens and cornea transparency and is also necessary for refractive power. 67, 68 Therefore, it is expected that mutations in the crystalline gene are linked to cataract formation in humans. 69, 70 Recently, a cataract-causing gene has been identified using a zebrafish animal model. Mutation of the CRYBA2 gene, a member of bg crystalline causes congenital cataracts. 66 Furthermore, mutation in CRYGC gene (gC-crystalline) makes the lens less thermally stable and increases the risk of lens opacity when exposed to heat and UV radiation and ultimately also leads to cataract formation. 65 Similarly the cloche zebrafish mutant displays cataracts associated with a defect in gamma crystalline induced by alpha A crystalline. 71 Alpha A crystalline is essential for decreasing insolubility of gamma crystalline, which in turn increases lens transparency and initiates the differentiation of lens fibre cells. Therefore, this study has highlighted that cataract development could be preventable, provided that a sufficient alpha A crystalline expression can be achieved in the lens. Human congenital cataracts have also been modelled in zebrafish by gene knockdown experiments. For example, mutations in the PITX3 and FOXE3 genes, which are expressed in the lens epithelium, cause anterior segment defects, including cataracts. [72] [73] [74] [75] Glaucoma Glaucoma is the second leading cause of blindness in the world. 1 Glaucoma is an array of adult onset retinal neuropathies characterized by progressive degeneration of RGCs and the optic nerve head. 7 Despite the anatomical difference of trabecular meshwork 76 and aqueous humour dynamics in human and zebrafish, 77 the overall similarities in aqueous humour outflow tissue structure and average intraocular pressure (IOP) 48 make zebrafish a potential model to study the complex genetics of glaucoma. Severe myopia, anterior segment defects (iris, trabecular meshwork, and cornea), and increased IOP, which precedes blockage of aqueous humour drainage, are the major risk factors associated with glaucoma. 78 The disease-risk phenotype of glaucoma is well studied in zebrafish mutants and was successfully modelled in zebrafish, for example, by mutation of the FOXC1 (forkhead transcription factor) gene. [79] [80] [81] FOXC1 is expressed in anterior segment and periocular mesenchymal cells 82 and is essential for the development and maintenance of the anterior segment of the eye. Therefore, mutations in this transcription factor cause a glaucoma-like pathology, such as abnormalities in the iris, trabecular meshwork, and cornea. Furthermore, the mutation of the gene coding for low-density lipoprotein receptor-related protein 2 represented by the bugeye mutant of zebrafish has recently been analyzed with regards to glaucoma-linked risk factors using OMR, electroretinograms (ERGs) and histology analysis. 83, 84 This bugeye mutant showed glaucoma-risk phenotypes such as enlarged eyes as a result of increased IOP, decrease in retinal ganglion cell numbers at 3 months, and outer retinal dysfunction by 5 months due to prolonged mechanical stress.
AMD
AMD is a degenerative disease of the central retina and the third leading cause of blindness worldwide mostly affecting people aged 450 years. 1, 85 It is characterized by a presence of pale yellowish lesion in macula and peripheral retina as a result of deposition of acellular polymorphous debris called drusen. The pathology includes the degeneration of cone cells, RPE, and Bruch's membrane. Later stages show choroid neovascularization, 86 which subsequently leads to a loss of colour vision and visual acuity. Zebrafish have been used to study retinopathy (seen in AMD and DR) induced by hypoxia. 87 Hypoxia is induced in adult zebrafish by exposing them to hypoxic water for 3-10 days, 88 which then initiates neovascularization and produces immature, leaky, and disorganized blood vessels. 89 The use of orally active anti-vascular endothelial growth factor (anti-VEGF) demonstrated significant efficacy against the pathological symptoms in zebrafish. 88, 89 These findings suggest that VEGF-induced hypoxia is an essential component of retinal neovascularization in AMD and DR. 88 Similarly, the zebrafish mutant gnn displays a phenotype analogous to AMD in humans. The macroscopic and behavioural screening of gnn zebrafish mutant from 2 to 9 days revealed dystrophy of red cones at around 5 dpf, which later spread to all other cone types, 90 a pathology that is reminiscent of AMD in human patients.
DR
Diabetes mellitus (DM) affected 366 million people globally in 2011, which is estimated to increase to 552 million in 2030. 91 Around 80% of DM patients develop DR within 20 years of being diagnosed with DM. 92 DR is a frequent pathology as a result of microvascular complications of DM that affect the retinal structure. 93 The risk factors for DR include neovascularization, vitreous haemorrhage, loss of blood-brain barrier (BBB) integrity, and macular oedema. 94 Retinal neovascularization in DR generally tends to be more fragile and leaky, which leads to vitreous haemorrhage that ultimately leads to vision loss. 94 The current treatment options for DR are limited to symptomatic relief and are not able to reverse the structural abnormalities once the disease has progressed. Therefore, animal models have been used to provide insight into underlying pathogenesis of DR and to screen novel drugs entities. There is a growing interest in the use of zebrafish in DR due to the fact that they exhibit similar retinal vascular physiology and pathology compared with mammals. 95 Hyperglycaemic zebrafish are shown to have similar retinal structure abnormalities as seen in diabetic patients. 96 Hyperglycaemia can be induced in adult zebrafish by immersing alternately in glucose solution and water over 28 days followed by retinal examination. IPL and INL layers were shown to be significantly reduced in treated zebrafish, with the thickness of the IPL approximately 55% of the INL. 96 This study provided some support to the idea that zebrafish can be utilized to model DR. This finding was confirmed by another study where visual impairment was evident after inducing hyperglycaemia in zebrafish. 97 In this study, hyperglycaemia affected the cone photoreceptor neuron layer as shown by their structural degeneration and through the use of ERGs. 97 This study suggested that neuro-protective agents in combination with the drugs to combat the vascular complications would provide clinical benefits in DR. Furthermore, hypoxia-induced retinal neovascularization or angiogenesis in the adult Fli-EGFP-Tg transgenic zebrafish model recapitulates DR in humans. Using these models, it is a realistic prospect to assess the therapeutic efficacy of anti-angiogenic agents. 88, 89 
Human congenital nystagmus (HCN)/infantile nystagmus syndrome (INS)
INS is a congenital occulomotor disorder and genetically heterogeneous condition having different modes of inheritance: X-linked, autosomal dominant, and autosomal recessive. 98 HCN/INS is characterized by periodic alternation of involuntary oscillations of the eye consisting of slow movement of the eye called slow phase followed by quick phase to focus on the object of interest called saccades. The pathophysiology of the disease is poorly understood. 99 Studies have shown that three autosomal (NYS2, NYS3, and NYS4) and X-chromosomal loci (NYS1, NYS5) are thought to have a key role in aetiology of congenital nystagmus. Recently, it was shown that mutation of the FRMD7 gene on loci NYS1, which is expressed in neuronal tissue of the developing retina, mid brain, and hindbrain, is associated with INS. 98 INS has been modelled in zebrafish. 4, 24 A large number of homozygous belladonna (bel) mutants were found to display a reversed OKR indicative of a projection defect. In contrast to wild-type animals, visual stimulation of one eye in bel mutants leads to movement of unstimulated eye, which is indicative of optic nerve misrouting owing to absence of optic chiasm. These findings in zebrafish are in good agreement with a recent study that concluded that optic nerve misrouting could be a primary cause of INS. 100 
Human ciliopathies
Human cilliopathies are caused by a diverse set of mutations that lead to defects in a range of cilia-containing Uses of zebrafish for ophthalmological research J Chhetri et al tissues, 101 and retinal dysfunction is frequently associated with ciliopathies. The photoreceptors consists of mainly two segments: the outer segment (POS) contains stacks of membranous discs in which photopigments are embedded and the inner segment contains the nuclei and the machinery necessary for synthesis of proteins and metabolites. 102 These two segments are linked by a connecting cilium that contains microtubules. 102 Photopigments are synthesized in the inner segment and transported to the POS by the ciliary microtubules (Figure 3 ), a mechanism that is known as intraflagellar transport (IFT). 103 Around 10% of the POS is replaced every day. For this purpose, proteins are transported from the inner segment by IFT to ensure the maintenance of the POS. 104 Consequently, mutations of IFT proteins (present in the flagella of photoreceptor cells) have been shown to lead to retinal degeneration and subsequent blindness such as in Bardet-Biedl syndrome and Senior-Loken syndrome that are characterized by photoreceptor dysfunction and renal dysplasia. 103, 104 These human ciliopathies are mirrored in the zebrafish mutants oval (ovl) and elipsa (elip) that show outer retinal dystrophy and renal dysfunction. 39, 105 Analysis of the visual defect in the ovl and elip mutants using OKR (high-contrast visual stimulation), electroretinography, and histology revealed involuntary eye movements as well as light-insensitive and progressive degeneration of the POS. 39, 105 Mutations in ovl affect intraflagellar components such as IFT 88, IFT 52, and IFT 57 and, as a consequence, produces defective cilia that lead to POS degeneration and vision impairment. 39 Recently, the Rer1p gene, which is highly expressed in the cilia of zebrafish and mammals has been implicated in maintaining cilliary length and sensory function. 106 Therefore, but not unexpected, mutations in Rer1p caused cilliary shortening and subsequent loss of sensory function, including vision loss. 106 
Others
Being situated in close proximity to each other, genetic defects of the RPE often lead to subsequent dystrophy of photoreceptor cells. 107 This situation is observed in human choroideremia (CHM) and Hermansky-Pudlak syndrome, which have been also well modelled in zebrafish mutants.
Human CHM. Human CHM is an inherited human retinal blindness caused by mutations of the Rab escort protein 1 (REP 1) gene, which leads to a progressive degeneration of rod photoreceptors subsequent to pigmentation defects in RPE cells. 108, 109 This disease is modelled in the zebrafish larvae mutant line ru848, in which partial retinal dystrophy has been observed. 108 However, it has to be noted that in humans the related gene, rep2, can compensate for the loss of REP 1. As zebrafish lack rep2 gene expression, 110 the relevance of the ru848 mutation for the study of human CHM remains to be evaluated.
Hermansky-Pudlak syndrome. Hermansky-Pudlak syndrome is a group of disorders characterized by oculocutaneous albinism (decrease in pigmentation of the skin, eye, and pilar caused by defective melanin production pathway), bleeding, and lysosome-related organelle defect. 107 This syndrome has been reported in the zebrafish fading vision mutant (fad) that shows depigmentation of the RPE followed by loss of photoreceptor cells. 111 
Ophthalmological drug discovery and development in zebrafish
Zebrafish have been utilized to study the cellular and molecular mechanism of pathogenesis of human eye diseases. At the same time, the benefit of large clutch size of this model provides an opportunity for screening drugs that have the potential to be used for treating human eye diseases. For example, aminoglycosides (gentamicin and paromycin) have shown remarkable therapeutic efficacy in the zebrafish mutants (lamb and pax 2). 112 These mutants recapitulate coloboma formation, which can be characterized by a triangular eyelid defect as a result of unsuccessful closure of choroid fissure during early morphogenesis of the eye. 64 These findings reveal the potential of aminoglycosides in the treatment of human coloboma. 112 Furthermore, the zebrafish model has established itself as a prominent model system for hypoxia-induced retinopathy. 87 These hypoxic zebrafish models have been utilized to test oral anti-angiogenesis inhibitors (anti-VEGF agents), such as sunitinib and zm323881. 89 These drugs rescued neovascularization of the retina confirming that VEGF, triggered by hypoxia to compensate for the reduced oxygen supply by forming new blood vessels, has a key role in retinal angiogenesis. 89 
Drug-related ophthalmological toxicity assessment in zebrafish
More than 200 currently used drugs are associated with ophthalmic toxicity as a result of adverse drug reaction. 113 Assessment of oculotoxicity associated with drugs at the early stage of their development is crucial. However, this process is partly hindered due to a lack of predictive, convenient methods as well as the high expense associated with testing drug candidates in mammals. 63, 114 For many years, researchers have been using zebrafish assays for drug toxicity screening with a view to provide early drug safety assessments. 115, 116 So far, zebrafish have been used to predict drug-related cardiotoxicity, ototoxicity, developmental toxicity, neurotoxicity, oculotoxicity, and many more. 115, 116 Furthermore, zebrafish have efficiently predicted toxicity associated with the effects of systemic drugs in humans. 116 More recently, a study described zebrafish as a potential animal model to predict drug-related oculotoxicity at the preclinical stage. 114 In this study, 3 dpf zebrafish larvae were exposed to the known oculotoxic drugs (digoxin, gentamicin, ibuprofen, minoxidil, and quinine) for 48 h, and toxicity was assessed using visual behaviour. These drugs resulted in damage to visual function in zebrafish, thereby confirming the potential toxicity of these drugs to the human eye.
In addition, many studies have been carried out to validate zebrafish assays for drug-toxicity assessment. In one of those, 27 drugs, 19 of which with known and 8 with no record of oculotoxicity in humans, were assessed in zebrafish using OMR. 63 Of the 19 compounds, 13 drug compounds, including chlorpromazine, quinine, digoxin, AZ compound 1, deferoxamine, flecainide, ganciclovir, ibuprofen, minoxidil, thioridazine, and vardenafil, were found to be oculotoxic in zebrafish. This finding is supported by another similar study that tested nine known drug compounds with oculotoxicity and found that 7 out of the 9 compounds had adverse effect on visual function of zebrafish as well. 117 Furthermore, zebrafish have been used extensively as a screening tool for small molecules that modulate vertebrate development. 118 For example, small-molecule screens have identified compounds that can affect vascular development in the zebrafish retina. In one study, around 2000 small molecules were tested in zebrafish embryos followed by monitoring changes in retinal vasculature, and out of those, 5 compounds were identified, 119 which suggests that these drugs may also contribute to the development of pathological changes to the retinal vasculature in human patients. These findings suggest that zebrafish models are successful in mirroring known oculotoxic characteristics of drugs in humans and have the potential to predict oculotoxicity profiles of novel drugs.
Summary
Visual impairment is a major health problem worldwide, and our understanding of the pathological mechanisms associated with disease is crucial for the development of novel therapeutic approaches. Likewise, the availability of animal models that closely mirror eye pathology but at the same time allow medium-throughput drug screening is desirable. In this context, zebrafish with their shortgeneration time, large clutch, ease of mutagenesis and genetic analysis, rapid eye development, and comparable eye morphology to humans seem ideally suited to address these needs. Similar phenotypes related to many human vision disorders have been reproduced in zebrafish, and for many available strains, their visual capacity has already been characterized using assays that exploit natural fish behaviour. Thus, the zebrafish model has the potential to open the door for a deeper understanding of ophthalmological disorders, as well as for the development of novel therapeutic agents.
